TECHNICAL COMMENTS Identifying Species of Origin from Prehistoric Blood Residues
In the archaeological world, some excitement (1) and controversy (2, 3) has been generated by reports (4-6) that hemoglobin from blood residues could survive intact for tens of thousands of years on stone tools and that the species of origin could be identified. One proposal (4) suggested that hemoglobin recovered from blood residues on artifacts could be crystallized by a simple procedure and the species of origin determined by microscopic examination of the crystals. Such a technique would be of great interest in establishing ancient hunting patterns, animal migratory movements and in analysis of human blood residues (1) (2) (3) (4) (5) (6) .
The basis for the proposed procedure appears to be an exhaustive study conducted by Reichert and Brown at the turn of the century (7) , which established that hemoglobin from the blood of many vertebrates can be crystallized. These authors showed that when hemoglobin from a single species was crystallized, often several different crystal forms could be obtained, but within each crystal form the crystals were isomorphous (that is, each example had the same symmetry and unit cell dimensions). Further, it was shown that crystals from two different species were often easy to distinguish from one another, while those from similar species were often similar, sometimes differing only slightly in unit-cell dimensions (7, pp. 325-327). These results suggest that animal species might be identified by examination of crystals of their hemoglobin.
The proposed procedure (4), however, as applied to material obtained from prehistoric artifacts, has been challenged on two major fronts (2, 3) (9) . A possible drawback is that the minimum protein crystal size for x-ray analysis is about 100 X 100 X 100 gum (9) , which contains about 0. axes to crystal faces and edges (7, pp. 146-148) . From this information, one can often deduce the crystal system and determine the relative unit cell lengths. Usually, this would require several well-formed single crystals and, of course, they must all be of the same material.
Optical examination of crystals cannot, however, identify the space group. At best it can only provide crystal system (and perhaps point group), axial length ratios, interaxial angles, optical axes, and birefringence sign. This compounds the problem raised by the limited number of ways in which proteins can crystallize.
Armed with data obtained by either xray or optical analysis, one can then consult a compendium (7) (11) and thus contain about 400 to 500 mg of protein per milliliter. Some crystals that may be large enough for rigorous optical analysis are shown in figure  3 of reference (5, p. 454). A single crystal 15 x 10 X 5 jim (5) would contain about 0.4 ng (10`9 g) of intact protein, and several would usually be required for rigorous analysis. Therefore, statements that this analysis can be conducted with picograms (10-12 g) of protein (6, p. 51) appear to be unjustified.
An optical absorption spectrum of a solution made from crystals, or direct microspectrophotometry, could be used to determine whether crystals do in fact contain hemoglobin. Conversely, crystals obtained by the proposed procedure (4) from a clean archaeological artifact would not be of hemoglobin. Alternatively, one could make at least a partial determination of the amino acid sequence of the protein in a crystal. As this is sufficient to identify hemoglobin and often the species of origin as well, the proposed procedure of microscopic analysis (4) (6), we identified Hb in all samples by the co-occurrence of absorbance of peaks at 280 nm (indicative of proteins) and 410 ± 5 nm (the soret band indicative of heme) at the same elution times. Additionally, the characteristic Hb band position (pH 6.95 to 7.00) on isoelectric focusing gels was observed (7) . Do the crystals grown from extracts of prehistoric residues contain hemoglobin? The current method (8) was adapted from that of R. K. Washino (9) because it used Hb in quantities comparable with prehistoric residues, that is, solutions 10-to 100-fold more dilute than are routinely used in the crystallization of proteins. Crystals grown in solutions that (i) contained Hb from different individuals of the same modern animal species or (ii) were resampled from individual prehistoric residues were repeatedly consistent in form and growth characteristics. In the absence of residues (that is, on blank controls, samples with no residue on the tool surface, or samples from post-use flake scars), no crystals other than buffer salts formed. Because of evaporative concentration, buffer salts precipitated in the later stages of the procedure and were clearly identifiable as such (2, 3, 9, p. 15). Soil minerals in residues have been readily identified, and crystals were grown from Hb solutions that had been filtered to remove all particles greater than 0.22 jim (3). Archaeological and natural soils were tested, and only soil-mineral and buffer crystals were observed (at butchering sites, however, blood might have been preserved in soils).
Microspectrophotometric observation of diagnostic ultraviolet and visible absorption spectra has been unfeasible because of the small size and number of crystals grown by the current method. Hemoglobin has recently been recovered in bones of a Diprotodon sp. approximately 100,000 years old. These large marsupial bones permited analysis of gram amounts of cancellous tissue and produced diagnostic crystals (10) . Anion-exchange HPLC has given the clearest evidence so far that these crystals contain Hb: a diprotodon bone sample (150 mg) was hydrated with ultrapure water and, by using methods described in (5) and (6) consistent with the calculated density of Hb per cubic micrometer. Other crystals were grown from the HPLC Hb elution peak and washed in phosphate buffer; a second HPLC separation of these redissolved crystals again showed co-occurring A280 and 410 nm absorption peaks indicative of Hb. Preliminary laser desorption mass spectrometry results showed the washed and redissolved crystals to contain proteins of masses suggestive of globin subunits (15.1 kD) (10) .
Can the crystals be used for determination of the species of origin? Some proteins have yielded crystals isomorphic between highly divergent species, but the mutationally driven and functionally permissible variety of amino acid residue substitutions in Hb makes it an ideal molecule for species determination. The crystal form is influenced by the concentration of Hb, buffer salts, and solution parameters (12, 13, p. 151); thus any compendium of crystals must be constructed under similar crystallization conditions. Variation in crystal habits has reflected apparently random amino acid substitutions (14); therefore the final crystal habit may or may not be consistent with the degree of genetic relatedness. Members of some genera produced Hb crystal forms that precluded differentiation to species (11) ; however, these crystals were diagnostic at higher taxonomic levels (for example, for Canidae or Scuridae). Species of some genera (for example, Ursus) produced exactly similar initial crystals, which over time developed into a second crop of diagnostic crystals having different forms (1, figure 2; 
